Three-dimensional complete photonic bandgap materials or photonic crystals block light propagation in all directions. The rod-connected diamond structure exhibits the largest photonic bandgap known to date and supports a complete bandgap for the lowest refractive index contrast ratio down to n high /n low ∼ 1.9. We confirm this threshold by measuring a complete photonic bandgap in the infrared region in Sn-S-O (n ∼ 1.9) 
materials are conformally coated on polymeric RCD templates, 21 which are written by a commercial DLW system (Nanoscribe GmbH). The chalcogenide/polymer structure is then exposed to an oxygen plasma, resulting in selective etching of the polymeric scaffold. This novel approach results in chalcogenide inverse RCD structures, and here, we successfully demonstrate measurements showing a complete PBG at near-infrared wavelength (0.9 − 1.7 µm) with low RIC (n high /n low ∼ 1.9 : 1 for Sn-S-O/air and 2:1 for Ge-Sb-S-O/air) materials.
To achieve a complete PBG for smaller wavelengths, a higher PBG ratio (gap width to center wavelength ratio ∆λ/λ 0 ) structure is required to minimize fabrication tolerance, that is, prevent errors from templates and depositions. The RCD structure, 22 from the A7 crystal family, 23 is reported to retain the highest complete PBG ratio among all crystal geometries and the lowest RIC (n high /n low ∼ 1.9 : 1) known to support a complete PBG. 24, 25 This RCD structure is described as rods replacing bonds between atoms in a diamond crystal. The indicates the complete PBG region changes as a function of normalized rod radius of RCD in an inverse RCD. The simulations assume rods are cylindrical and a high-index material with n = 2.4, 2, and 1.9 in air (n = 1), respectively. The rod radius was varied with a step of 0.01a. Note that the bandgap ratios were plotted as a function of high-index filling fraction (computed by MPB), while the bandgap regions were plotted as a function of the normalized radius r/a. The relationship between filling fraction and radius is almost, but not perfectly, linear. This explains the misalignment between the two types of plots. Figure 1a ). The translational symmetry of an RCD (and its inversion) is the same as a face-centered cubic (FCC) structure, and the first Brillouin zone is a truncated octahedron (red line in Figure 1b) . XWKLU are the symmetry points on the Brillouin zone in an RCD structure. A high-quality RCD is not a layered structure and, thus, cannot be easily achieved using layer-by-layer 2D lithography methods. Moreover, the rod diameter required for direct high-index RCD 26 is below the 2PP DLW system resolution with a 780 nm laser.
Fortunately, its inverse structure shows a slightly smaller PBG ratio of 11% (compared to 11.7 %) at the same RIC (2.4:1), material filling fraction (FF), and rod radius, as illustrated in Figure 1c . By utilizing this inverse structure, one can create a relatively low resolution (big rods) polymer template to realize an air-filled high index structure.
Results and Discussion
Using the MIT photonic band (MPB) software, 27 based on the plane wave expansion method, we calculated the normal and inverse RCDs photonic band structure. We also used Lumerical, 28 a commercial-grade simulator based on the finite-difference time-domain (FDTD) method, to calculate their angular dependent reflection spectra. For the FDTD simulations, we used a plane wave as source and set it to different propagation angles (relative to the normal incidence) to create angular spectrum results. Substrates are not included in all calculations as the substrate thickness is far bigger than the photonic crystal thickness and it generates barely visible differences compared to the simulations without substrate, but hugely increases the required computational resources. Figure 1c The fabrication of an inverse RCD structure can be described in three main phases: template construction, high index material backfilling, and polymer removal, shown in Figure 2 .
Phase one constructs a polymer RCD template ( Figure 2a ) using a 2PP DLW method (see Materials and Methods for the details). We followed the optimized rod radius based on the MPB simulations ( Figure 1c ). The fabricated template has 6 lattice periods in z-axis and 14 in x-and y-axes ( Figure 2d ). To examine the 3D structure quality, an optical characterization of the template is performed prior to the backfilling process. This is done using a home-built Fourier imaging spectroscopy setup 30 (see Materials and Methods).
In phase two (Figure 2b ), high refractive index chalcogenide materials (Sn-S or Ge-Sb-S)
are conformally deposited into the polymer templates using an in-house built CVD system 31 (see Materials and Methods). The deposition rate of the CVD materials is controlled by the ratios between precursors and reactive gas, chamber pressure, deposition temperature, and gas flow. The low melting point nature of the polymer template limits the deposition temperature to 200℃ or below. The Sn-S deposition was carried out at room temperature whereas 150℃ was used for Ge-Sb-S deposition. A Scanning Electron Microscope (SEM)
photo of a fully backfilled Ge-Sb-S-polymer RCD structure is shown in Figure 2e .
The final phase three is polymer removal. In phase two, the high index material grows omni-directionally inside and on top of the polymer templates. We used focused ion beam (FIB) milling to cut a thin layer off the top, to expose the buried polymer beneath, enabling the oxygen plasma to access the polymer template from above. The oxygen plasma reacts with the polymer to form gaseous compounds that escape from the template, but this treatment also partially oxidizes the chalcogenides resulting in reduced refractive indexes (see Materials and Methods for the details). Once the polymer template is removed, the partially oxidized high index materials will remain forming an inverse RCD structure. The photonic band structures of the polymer templates are measured using wide-angle
Fourier imaging spectroscopy and compared with the FDTD simulations. 30 The RCD tem-plate fabricated via the 2PP process is an air-polymer-based crystal, where the RIC is approximately 1:1.5. Figure 3 shows the angular reflection spectra comparison between measured polymer templates and simulations via FDTD. validating results predicted by the topology optimization approach.
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These results open the way for developing a process to reliably fabricate arbitrary photonic bandgap structures in technologically relevant wavelength regions (1.4 − 1.6 µm).
Moreover, our simulation work 26 points the way toward micro/nanocavity designs capable of confining light in mode volumes down to 10 −3 cubic wavelengths. 33 Our 3D lithography approach can be directly adapted to writing these cavity and waveguide structures, incorporating emitters to open new regimes of single photon level interactions, 34 novel nanolasers 5 and high-bandwidth, lossless, and subwavelength scale optical circuits.
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Future work will consider the fabrication of inverse RCD structures, along different growth directions (in particular, with the L direction aligned with the substrate normal) in order to measure the reflectivity at these higher angles more accurately. However, the accuracy will then be affected by structural differences due to the elliptical voxel shape and the ensuing required differences in writing technique.
Materials and Methods

Direct Laser Writing (DLW)
The DLW system is a commercial system from Nanoscribe GmbH, based on 2PP, which substrate. An exposed template sample is developed using SU-8 developer for 30 min (to remove unpolymerized resist) and IPA for 5 min (to remove SU-8 developer).
Fourier Imaging Spectroscopy (FIS)
We used an identical system to that described in our previous work. 30 This home-built
Fourier imaging spectroscope uses a 4× objective lens to collimate a fiber (200 µm diameter) coupled white light source (Bentham Ltd. WLS100 300 − 2500 nm), focusing the light beam with an NA = 0.9, 60× objective lens on the sample. The detection plane is a projection image for the backfocal plane of the objective lens. This image is scanned by a fiber (105 µm diameter) attaches to a x-y motorized stage, the other end of the fiber connects to a spectrometer (Ocean optics NIRQuest512), which has 900 − 1700 nm spectrum range.
The angular resolution of the system is ∼ 2°per scan step.
Chemical Vapor Deposition (CVD)
For Sn-S deposition: SnCl 4 (99.999% pure from Alfa Aesar) is used as the precursor to react with H 2 S gas (99.9% pure from Air Liquide) to form Sn-S at room temperature with the chamber pressure of 100 mbar controlled by a Vacuubrand MV10NT diaphragm pump.
A 30 mm O.D. × 1000 mm long quartz tube is used for CVD reaction and the precursor, SnCl 4 vapor, was delivered with Ar gas through a mass flow controller (MFC) at 10 sccm, whereas H 2 S gas was delivered through another MFC at 50 sccm.
For Ge-Sb-S deposition: GeCl 4 (99.9999% pure from Umicore) and SbCl 5 (99.999% pure from GWI) are used as the precursors to react with H 2 S gas (99.9% pure from Air Liquide)
to form Ge-Sb-S at 150℃ with atmospheric chamber pressure. A 30 mm O.D. × 1000 mm long quartz tube is used for CVD reaction and the precursors, GeCl 4 and SbCl 5 vapors, are delivered individually with Ar gas through MFCs at 20 and 80 sccm, respectively, whereas H 2 S gas is delivered through another MFC at 50 sccm.
Inductively Coupled Plasma (ICP) Etching
We used an ICP system, PlasmalabSystem 100 (ICP 180), from Oxford Instruments in the polymer removal process. The process was run twice for Sn-S structure and each time uses For Ge-Sb-S structure the ICP parameters changed to duration time 40 min, 30 mTorr chamber pressure, oxygen flow rate was 50 sccm, 20 W RF forward power and 400 W ICP forward power, reaction temperature decreased to 40℃ to reduce etching rate.
Evaluation of the Refractive Index Values
The refractive index of planar chalcogenide films grown under identical conditions and exposed to similar plasma etching were evaluated by ellipsometry. However, these measurements yielded refractive index values that were far too high (> 2.6 for GeSbS) to explain the optical measurements. It was suspected that this might be due to oxidation effects which would be confined to the surface in planar films, while our porous structures are effectively fully oxidized. EDX measurements of the composition of planar films confirmed limited oxidation. In contrast, EDX measured compositions of 3D RCD structures were 
